The airborne sounds produced by freely vibrating hollow and solid bars were synthesized according to the equations of bar motion from theoretical acoustics, and were presented to listeners over headphones. In a two-interval, forced-choice task, listeners were asked to distinguish between the hollow and solid bar sounds as bar length was varied at random from one presentation to the next. All other physical properties of the bar were held constant across trials. Listener decision strategies for detecting hollowness in iron, aluminum, and wood bars were determined from regression weights describing the relation between the listener's response and the frequency, intensity, and decay modulus of the individual partials comprising these sounds. The obtained weights were compared to those of a hypothetical listener that bases judgments on the acoustic relations intrinsic to hollowness, as determined from the equations for motion. Results indicate that listeners adopt roughly one of two decision strategies, either basing judgments on the appropriate acoustic relations, or basing judgments predominantly on frequency alone. The decision strategy of some listeners also changed from one type to the other with a change in bar material or upon replication of the same condition. The results are interpreted in terms of the vulnerability of the intrinsic acoustic relations to small perturbations in acoustic parameters, as would be associated with listener internal noise. They demonstrate that basic limits of human sensitivity can have a profound effect on the identification of rudimentary source attributes from sound, even in conditions where acoustic variation is largely dictated by physical variation in the source.
I. INTRODUCTION
Everyday experience suggests that the ear is quite good at inferring basic attributes of objects from sound. The ''ping'' of the wine glass identifies the glass as fine crystal, the ''clunk'' of the table struck with your knuckle indicates that the table is hollow and made of wood. Such simple examples represent in principle how we use sound to gain information about our surroundings, but even in regard to these simple examples we understand very little of the process. What are the limits of our ability to determine physical attributes of the source in these cases, and what information in the sound is used to make such determinations? These are the questions that motivate the present experiments.
In earlier papers, we described a method for measuring precisely how a listener's judgments regarding the physical attributes of an object are influenced by specific acoustic parameters and their relations ͑Lutfi, 1995; Lutfi and Oh, 1994 , 1995 . The relative influence, in each case, is estimated from correlations of the listener's judgments with small, experimentally introduced perturbations in the values of acoustic parameters from trial to trial. Importantly, the perturbations are introduced in such a way so as not to violate the lawful relations governing the motion of the object, i.e., the sounds, in some sense, remain real. To do this, the sounds are synthesized digitally using a resonant source for which the equations for motion are known. In this study, as in the previous studies, we chose as our resonant source the struck, clamped bar. This is the preferred choice inasmuch as the equations for motion are relatively simple, yet they apply to a large class of common, freely vibrating objects. Many familiar musical instruments, for example, fall into the category of struck, clamped bars ͑triangle, tuning fork, wood block, and xylophone͒.
Our first experiments employed a standard, two-interval, forced-choice procedure to investigate the discrimination of differences in the material composition of bars ͑Lutfi and Oh, 1997͒. The goal was to measure the best possible performance under the most favorable listening conditions. Hence, all physical attributes of the bar were held constant except for material, and all listeners were given extensive training in the task before data collection. To provide a standard for evaluating listener performance, the equations for motion were analyzed to yield a maximum-likelihood test for the task, that is, a decision rule that would maximize percent correct. For each material discrimination, the test amounted to a specific weighting of the frequency, amplitude, and decay of individual partials in the sound. Listener decision weights, computed from the response correlations with these parameters, generally followed the maximum-likelihood weights, but were in all cases unduly biased toward frequency. In the most severe cases, the frequency bias resulted in as much as an 80% reduction in performance efficiency. The results suggest that, even under the best circumstances, a listener's ability to discriminate material is far from ideal.
In the present study we investigate yet another basic discrimination, the discrimination of hollow from solid bars.
The study is a natural outgrowth of the earlier study on material discrimination involving merely different relations among the same acoustic cues. However, in the present study we employ a different procedure for introducing perturbations in these cues. In the earlier procedure acoustic variation was introduced by perturbing bar material, the physical attribute to be discriminated. In the present procedure acoustic variation is introduced by perturbing a physical attribute of the bar unrelated to the discrimination. In the discrimination of solid from hollow bars we perturb bar length. We adopt this new procedure for two reasons. First, as a practical matter, we wished to readdress a specific issue regarding the methodology used in our previous study. In that study, the bars varied continuously along the physical dimension to be discriminated. Hence, the nominal discrimination between silver and iron, for example, was really more akin to choosing between two alloys having different relative concentrations of silver and iron. In the present study we investigate a task where there is no ambiguity regarding the two classes to be discriminated. In this case, the bar is either hollow or solid, and the only ambiguity is regarding the unrelated physical attribute, bar length.
The second reason for adopting this procedure is theoretical and has to do with the larger problem of how listeners determine source attributes from sound. The acoustic information intrinsic to different source attributes is necessarily confounded in the single pressure wave form arriving at the ear. How then might a listener determine from sound that a class of resonant objects is, say, hollow or is made of metal despite differences in the size or shape of individual exemplars or the manner in which they are driven to vibrate? Gibson ͑1966͒ has suggested that listeners ''pick up'' the requisite information identifying such general classes of objects or events in the form of higher order acoustic relations that are invariant within a class. While he did not go beyond a general description of these relations, others have since offered analytic treatments that identify the intrinsic acoustic information necessary to distinguish among certain general classes of resonant objects given few physical constraints ͑Wildes and Richards, 1988; Kac, 1966; Lutfi, 2000͒ . One such case is the distinction between hollow and solid bars. It can be shown, for example, that specific relations among acoustic parameters that are intrinsic to freely vibrating hollow bars remain constant despite variation in bar size, shape, or material composition ͑Lutfi, 2000͒. In this particular case, at least, such relations seem likely candidates for the type of information Gibson had in mind. Will listener judgments of hollowness be based on these relations? The answer might depend on whether they provide a significant detection advantage. An analysis of the intrinsic acoustic relations associated with various bar attributes suggests that these relations can be subtle ͑Lutfi, 2000͒. Basic limits in auditory sensitivity might, therefore, exert a greater influence on the listener's selection of cues than the intrinsic acoustic relations that serve to disambiguate source attributes. We test the possibility in the present experiments. In particular, we compare the decision weights of listeners to those of a hypothetical listener that bases judgments on acoustic relations intrinsic to hollowness as determined from the equations for motion of the freely vibrating bar.
II. METHODS

A. Stimuli
The procedure for synthesizing stimuli was identical to that described in Lutfi and Oh ͑1997͒ and is briefly reviewed here. The airborne sound of a cylindrical bar rigidly clamped at one end and struck at the other was synthesized over headphones using the theoretical equations describing the motion of the bar. The resultant sound-pressure wave form is a sum of exponentially damped sinusoids whose individual frequencies ( n ,Hz), amplitudes (C n ,dyn/cm 2 ), and decay moduli ( n ,s) are uniquely determined by the specific material and geometry of the bar, as well as the manner in which the bar is struck, yϭ ͚ n C n e Ϫt/ n sin͑2 n t ͒. ͑1͒
Altogether five bar parameters were incorporated in the stimulus synthesis. Related to bar geometry were bar length l, outer radius a, and inner radius b ͑hollowness͒, see Fig. 1 . Related to bar material were elasticity Q and mass density .
The specific values used for the different conditions of the experiment are given in Table I . These values were chosen to represent different resonant sources that might realistically be encountered in everyday listening. The values of b ranged from 0.5 to 1.2 cm and were chosen individually for each listener and condition to yield average performance levels between 70% and 90% correct. Past experience has dictated that performance levels much above or below this range yield unreliable estimates of listener decision weights. The equations relating these physical parameters to the acoustic parameters of Eq. ͑1͒ are reviewed by Morse and Ingard ͑1968, pp. 175-191, 222͒ . For a total force P of an impulse applied to the free end of the bar, FIG. 1. Representation of bar geometry used in the study. The outer radius a was fixed at 2.0 cm in all conditions. The length l of the bar was either 10 or 25 cm in different conditions and was randomly perturbed for each presentation of a sound, N(l,0.5 cm). The hollow inner radius b was chosen for each listener to yield discrimination performance levels in the range of 70%-90% correct when compared to the solid bar, bϭ0.
where ␤ 1 ϭ0.597, ␤ 2 ϭ1.494, and ␤ nϾ2 ϭnϪ 1 2 determine the frequency ratio of successive partials, ϭ 1 2 ͱa 2 ϩb 2 is the radius of gyration of the bar, and the gain term U ϭ P/͓(a 2 Ϫb 2 )͔. The value of P was chosen to fix the sound intensity for hollow bars at 70 dB SPL. Only the first three partials (nϭ1 -3) were synthesized as the higher partials were well beyond the range of audibility. Further details regarding the stimulus synthesis can be found in Lutfi and Oh ͑1997͒. Also, examples of these sounds can be heard at http://abrl.waisman.wisc.edu/.
As practical matter, a 5 ms cosine-squared ramp was used to truncate signals after 1 s. This kept trials at a reasonable length, while allowing adequate time for the second and third partials of the sounds to decay to inaudibility. Note that in the previous study signals were less than half this duration ͑400 ms͒. The longer duration is intended to ensure that the sounds are not too brief to allow for normal identification of bar attributes. All signals were played over a 16 bit, Crystal Audio 4237B DAC at a 40 kHz sampling rate. The output of the DAC was low-pass filtered with rapid rolloff above 16 kHz, asymptoting to a maximum 60 dB of attenuation at 22 kHz. Sounds were delivered to the right ear of listeners over Sennheiser Model 520 II headphones, and were calibrated using a loudness matching procedure. All signals were presented to individual listeners seated in a double-walled, IAC sound-attenuation chamber.
B. Procedure
For each presentation of a signal, a different perturbation in acoustic parameters was imposed without violating the lawful relations governing the values of these parameters. This was achieved by adding a random increment or decrement ⑀ on each presentation to bar length, a physical attribute of the bar unrelated to hollowness.
1 All other physical attributes of the bar were held constant within trial blocks. In each condition, bar length was chosen at random from normal distributions to synthesize a set of 100 wave forms each for the hollow and solid bars. As indicated in Table I , the mean value of bar length l was 25 cm for the wood bars, whereas it was 10 cm for aluminum and iron bars. The longer length for wood bars was necessary to maintain the frequencies of the partials within the audible range. The standard deviation of bar length was fixed for all conditions at 0.5 cm. The exact value chosen is somewhat arbitrary, and is expected to affect the estimates of listener weights only to the extent that it causes performance to fall outside the acceptable range of 70%-90% correct.
Conditions were run in separate blocks of trials with replications across days. A two-interval, forced-choice procedure was used with sounds separated by 500 ms. On each trial one exemplar was chosen at random from the set of solid and hollow bar sounds for presentation. Each sound had equal probability of occurring in the first or second interval of the trial. The listener's task was to indicate by button press which of the two intervals contained the sound corresponding to the hollow bar. Correct feedback was given after each trial. Trials were run in blocks of 50 with short breaks between blocks taken at the discretion of the listener. Listeners practiced conditions for several hundred trials prior to data collection. After practice a total of 400 trials was run for each listener for each condition with at least one 400-trial replication of each condition made on a separate day. The listeners were seven students at the University of Wisconsin-Madison ranging in age from 20 to 38 years. Subject protocol required that listeners be allowed to terminate participation in a study at any time at their discretion. Hence, not all listeners participated in all conditions. Two of these listeners had participated in the earlier study on the discrimination of bar material. All listeners had normal hearing by standard audiometric tests, and all were paid at an hourly rate for their participation. Listeners were instructed that on each trial they would hear the sound of a hollow and a solid bar struck at one end and clamped at other, that the bars were struck with constant force, and that the bars were TABLE I. Physical and acoustic parameters associated with different clamped bars used in the study. Entries for acoustic parameters pertain to the first partial. Bar length l was perturbed from one presentation to the next, all other physical properties of the bars were held constant within a block of trials. Values of b are nominal as they were selected for each condition and listener to yield performance levels between 70% and 90% correct. Values of density and elasticity for different materials are taken from Kinsler and Frey ͑1962͒. Elasticity values for wood are contained in parentheses as they vary widely depending on factors related to the properties of the wood. identical in all other respects except for length. They were instructed that the length would vary from one presentation to the next, but that in every case their goal was to identify the sound corresponding to the hollow bar. Before each block of trials the listeners were told the material of the bar, and were shown an example of a real bar having the geometric dimensions corresponding to those used to synthesize the sounds they heard.
C. Analysis of decision weights
Before we can properly analyze listener decision weights it is necessary to identify the relevant information for the detection of hollowness given the particulars of the task. The problem amounts to finding an analytic solution for hollowness using Eqs. ͑2a͒-͑2c͒. The derivation is straightforward. Note first that the information in successive partials is redundant-the frequency n , amplitude C n , and decay n of the nth partial are merely scaled in each case by the constant factor ␤ n raised to some power. This means that for the conditions of the present experiments, where bar length l is perturbed, the problem of detecting hollowness reduces analytically to that of solving two equations for two unknowns. The two equations are any two of the equations ͑2a͒-͑2c͒ for any given n. The two unknowns are the inner radius of the bar b ͑ϭ 0 solid, Ͼ0 hollow͒ and bar length l. The value of b must be solved anew on each presentation given the observed values of n , C n , and n , but there is always a unique solution on each presentation. Figure 2 demonstrates this result. Figures 2͑a͒-͑c͒ show the distribution of values for each acoustic parameter ͑first partial͒ of the iron bar, both hollow ͑dashed curves͒ and solid ͑continuous curve͒, as length varies from one presentation to the next. Note that a judgment of hollowness based on any one acoustic parameter in isolation would be prone to error inasmuch as the distributions overlap. Figure 2͑d͒ shows the same data, but now plotted in a way so as to reveal the relations among parameter values. Here it can be seen that there are unique combinations of n , C n , and n that allow the bar to be identified as hollow or solid without error. ͑Note that it is the possibility of error-free performance that distinguishes the present task from that of our earlier study involving the discrimination of bar material.͒ Having identified n , C n , and n for any partial as containing the relevant information for hollowness, we next derive the maximum-likelihood decision rule. There are actually three such rules corresponding to the solutions obtained for each pair of the equations ͑2a͒-͑2c͒. The derivation proceeds identically in each case. Note first that when the outer radius a is constrained to have a single value, as it is in the present experiments, the inner radius b is monotonically related to the radius of gyration ͑or U/͒ as in the case of Eq. ͑2b͒. From Eqs. ͑2a͒-͑2c͒, moreover, we see that ͑and U/͒ is proportional to the product of parameter pairs raised to different powers. This means that each optimal decision rule can be expressed in terms of a weighted sum of the log of parameter pairs, where the weights are the corresponding powers. Consider, for example, optimal decisions based on n and n . From Eq. ͑2c͒, we see that is proportional to n Ϫ1/2 n Ϫ3/2 . A maximum-likelihood decision rule, therefore, is of the form,
where R is the response, Dif is the difference between the second and first ͑i.e., second-first͒ interval of the forcedchoice trial, and Ϫ 1 2 and Ϫ 3 2 are the optimal decision weights for the two acoustic parameters. Optimal decision weights for the other parameter pairs are analyzed in like fashion; for the combination of C n and n they are, respectively, 1 and FIG. 2. Distribution of values of acoustic parameters ͑first partial͒ for the iron bar. ͑a͒-͑c͒ Values of each parameter for hollow ͑dashed curves͒ and solid ͑continuous curve͒ bars as bar length varies from one presentation to the next. A judgment of hollowness based on any one acoustic parameter in isolation would be prone to error inasmuch as the distributions overlap. ͑d͒ The distribution of parameter values from ͑a͒-͑c͒ are plotted relative to one another so as to reveal the intrinsic relations among the parameters that allow the bar to be identified as hollow or solid without error. 1 2 , and for the combination of C n and n they are, respectively, 6 and Ϫ1.
The next step is to determine whether listeners make use of any one of the three optimal decision rules. This can be done using standard multiple regression ͑Winkler and Hays, 1975͒. Again, take rule ͑3͒ as an example. Since the combination of log-parameter values is linear, responses strictly based on Eq. ͑3͒ will correlate perfectly with interval differences between log n or log n once the relation between n and n is taken into account. That is, the partial correlation of the response with the differences in log n and log n will be Ϫ1 in each case. In fact, we do not expect listener responses to strictly follow Eq. ͑3͒ since we have selected conditions ͑i.e., perturbations in l and values of b͒ to produce errors in the response. A more realistic regression model is therefore Rϭ1 iff Dif͑w 1 log n ϭw 2 log n ͒ϩ
where w 1 and w 2 are the regression weights for interval differences in log n and log n , and is listener error. The values of w 1 and w 2 for each listener can then be computed from the relation of listener's response and the interval differences in log n and log n on each trial using standard multiple regression analysis. 2 Now, if listener responses are based on Eq. ͑3͒ and the error is unbiased, then the regression weights in Eq. ͑4͒ should bear the same relation as the optimal decision weights given in Eq. ͑3͒. In particular, w 1 and w 2 should both be negative and have a ratio of one to three. All three of the optimal decision rules can be evaluated in this way, the only difference being differences in the optimal decision weights for each rule.
III. RESULTS
A. Analysis of listener decision weights
Figures 3-5 give the computed regression weights for each listener for the three different bar materials. To facilitate comparisons the regression weights for each decision rule have been normalized so that their unsigned values sum to one. Different listeners are represented by different symbol types with repeated symbols representing replications, some taken several months apart. The end points of the three lines drawn in the top panel of each figure give the decision weights for the three optimal decision rules corresponding to each parameter pair. The end points of the three lines drawn in the bottom panel of each figure give the decision weights of a hypothetical listener that bases decisions on frequency n alone. Listeners appear to fall into two distinct groups, one choosing to base decisions on the optimal combination of n and n ͑top panel͒, the other choosing not to apply any of the optimal decision rules, but rather choosing to base decisions largely on frequency alone ͑bottom panel͒. Listener membership in either group varies both within and across conditions of bar material. Note that the occasional appearance of the same symbol in both panels shows that some listeners chose to switch from one listening strategy to the other upon replication of the same condition. With the exception of these cases, however, test-retest reliability for individual estimates is good, even for those estimates taken several months apart. Inclusion of the practice trials, moreover, did not change the agreement between estimates. When questioned, listeners in the second group reported without exception that they were choosing as hollow the sound having the higher frequency or pitch. Indeed, Fig. 2͑c͒ shows that better than chance performance can be achieved by basing decisions on frequency alone. Also, for a few listeners in the first group it is unclear as to whether the listening strategy involved an optimal weighting of frequency and decay or of intensity and decay ͑note for example the squares in Fig. 3͒ . Performance levels in these instances, though within the acceptable range of the experiment, were apparently too high for the regression weights to distinguish among the different optimal decision rules. FIG. 3 . Regression weights are plotted giving the relation of the listener's response to the pair of acoustic parameters underlying each optimal decision rule. Data are for the iron bar, aϭ2 cm, lϭ10 cm. The raw regression weights for each decision rule have been normalized so that their unsigned values sum to one. Different symbol types represent the regression weights for different listeners, and repeated symbols represent replications of conditions. The end points of the three lines drawn in the top panel give the decision weights for the three optimal decision rules corresponding to each parameter pair. Reading from left to right the parameter pairs are n and n , C n and n , and n , and C n . The end points of the three lines drawn in the bottom panel give the decision weights of a hypothetical listener that bases decisions on frequency n alone. Listeners' data are plotted in one or the other panel depending on which decision rule most closely agreed with their regression weights. Note, in the bottom panel, that nonzero regression weights for the combination of n and C n are possible because each parameter covaries with n , which is not included in the regression for n and C n .
B. Effect of limited resolution on discrimination performance
For those listeners who appear to adopt an optimal decision rule it is of interest to consider what factors might have caused their performance to be less than perfect. One obvious factor is limited sensory resolution-that is, the inability on some trials to discriminate small differences in the frequency, amplitude, and decay of the individual partials of these sounds. Note, for example, in Table I , that the difference in mean intensity between the sounds for hollow and solid bars in these conditions is 0.9-1.5 dB. The normal intensity difference limen at these moderate sound levels is at best 0.7 dB ͑Jesteadt et al., 1977͒. With the added perturbation in intensity the difference in intensity would have been difficult or impossible to discriminate on some proportion of trials. Table II gives an indication of the relative extent to which limited resolution affected discriminability of the individual acoustic parameters in these experiments. Table II lists, for three listeners, the dЈ values for the individual parameters expressed relative to those of an ideal observer ͑an observer with unlimited resolution͒. The dЈ values were obtained simply by rerunning conditions with the hollowness parameter b fixed at zero for all but one of the three relevant parameters. If limited resolution were to have no impact on performance in these conditions all values in Table  II should equal 1.0. For the discrimination of frequency the values are, indeed, equal to or very nearly equal to 1.0. However, for the discrimination of intensity, and for the discrimination of decay for the iron bar, the values are significantly less than 1.0. These data suggest, not surprisingly, that limited sensory resolution is likely responsible for less than perfect performance of listeners who appeared to adopt an optimal decision rule. The data do not, however, necessarily imply that limited sensory resolution would significantly affect the selection of decision weights. This is because the analytic solution for hollowness depends on the relation among the values of acoustic parameters ͑cf. Fig. 3͒ , not the value of any single parameter. Consequently, intensity ͑or decay͒ by its relation to frequency can convey information regarding hollowness even on trials in which the difference in intensity ͑or decay͒ is too small to be detected. Could limited resolution have affected the listener's selection of decision weights? To evaluate this question we generated expectations for listener performance in these experiments using a standard internal noise model ͑cf. Durlach et al., 1986͒ . Figure 6 shows the results of independently adding a small amount of jitter to each acoustic parameter so as to simulate the effect of internal noise. For frequency, intensity, and decay the percentage of jitter is, respectively, 0.2, 17, and 25. These values represent the current best empirical estimates of the difference limens for these parameters, for normal-hearing adults ͑Wier et Jesteadt et al., 1977; Van Heuven and Van Den Broecke, 1979͒. 3 The data shown in Fig. 6 are for the iron bar with hollowness radius bϭ1.0; similar results, however, were obtained for the aluminum and wood bars. The parameter values with ͑right͒ and without ͑left͒ jitter are designated separately for the hollow ͑circles͒ and solid ͑crosses͒ bars. The continuous curve in each panel is the decision border corresponding to the optimal combination of the designated acoustic parameters. The dashed curve is the decision border for an observer that bases judgments on frequency alone. The effect of adding internal noise in each case is to increase the number of crossings of the decision border that would yield an incorrect judgment. Importantly, however, the increase in crossings is much greater for the optimal decision rule than it is for the judgments based on frequency alone. This results in the two decision models producing more similar performance levels than would be anticipated based on the parameter values without internal noise. Figure 7 shows the expected effect of the internal noise on the psychometric function. Here the dashed and continuous curves represent, respectively, performance based on the optimal weighting of frequency and decay, and performancebased differences in frequency alone. The data of individual listeners ͑symbols͒ are plotted for comparison. Note that for the iron bar ͑upper panel͒ there is only a small performance advantage for the optimal decision rule over the judgments based on frequency alone. In the range of bϭ1.0-1.3 cm where most of the listeners' data fall the advantage is less than 5%. For the wood bar ͑lower panel͒ the optimal decision rule actually yields poorer performance than for the judgments based on frequency alone. This can be understood from the distribution of the values of frequency and decay in Fig. 6 ͑upper panels͒, which are for iron, but show a similar pattern for wood. Here the values skirt the decision border of the optimal rule so closely that even a small amount of perturbation can force performance to be near chance.
The analysis of internal noise suggests a likely explanation for the specific pattern of listeners' decision weights. With limited resolution an optimal listening strategy, as would be associated with an analytic solution for hollowness, yields at best a small performance advantage in some conditions over judgments based on frequency alone. Also, since frequency is the most salient single cue, varying over many more just-noticeable differences than either decay or intensity ͑cf. Wier et al., 1977; Jesteadt et al., 1977; Van Heuven and Van Den Broecke, 1979͒ , there is good reason to expect that listeners would often chose to base decisions on frequency alone in lieu of an optimal combination of acoustic parameters. The fact that performance levels of listeners generally fall within the bounds predicted by the optimal listening strategy and one based on frequency alone lends additional support to this analysis. FIG. 6 . Simulated effect of listener internal noise for iron bar with hollowness radius bϭ1.0. Circles and crosses represent, respectively, the parameter values for hollow and solid bars. Right and left panels represent, respectively, parameter values with and without internal noise jitter. The decision border corresponding to the optimal decision rule is given by the continuous curves. The decision border for an observer that bases judgments on frequency alone is given by the dashed curve. See the text for specific details.
IV. DISCUSSION
The results of these experiments reveal clear individual differences in the decision strategies that listeners use when judging hollowness from the synthesized sound of a struck, clamped bar. Listeners tend to fall into two groups in terms of their cue preference: those giving weight to frequency and decay consistent with an analytic solution for hollowness, and those giving predominant weight to frequency. The results also indicate, for some listeners, a change from one decision strategy to the other with changes in the material composition of the bar or with replication of a condition.
The general pattern of results is consistent with that obtained in the companion to this study involving the discrimination of bar material. There, too, significant individual differences were observed combined with a bias for frequency for many listeners. Apart from the difference in task, that study differed fundamentally from the present study in that the material discrimination was to some degree ambiguous. Unlike the present study, in which the bar was unequivocally hollow or solid, the companion study required, in effect, a decision between two bars of the same material in different relative concentrations. This ambiguity was suspected to have played a role in the outcome of the earlier experiments. However, the similarity in the pattern of results to those of the present study suggests that the earlier results were not specifically related to this ambiguity.
Several studies in the literature offer similar comparisons to the present study, though they used real or recorded sound sources. Kunkler-Peck and Turvey ͑2000͒ challenged listeners to determine from sound the height and width of a rectangular steel plate suspended by a loose support and struck in its center by a hard mallet. While listener judgments consistently underestimated the true values, the ratio of height to width was recovered with reliable accuracy, despite variations in plate material. Kunkler-Peck and Turvey offer both theoretical and acoustical analyses to show that there is sufficient information for the task in the separate modal frequencies associated with height and width. They imply a similar account of their listeners' ability to reliably identify the shape of plates ͑circle, triangle, or square͒ of different material. The ability to recover height-width ratios from sound has also been demonstrated for loosely suspended, struck bars made of metal and wood ͑Lakatos et al., 1997͒. Acoustical analyses by these authors revealed that for metal bars the frequencies of both torsional and transverse bending modes correlated highly with height-width ratio and with listener judgments, suggesting that these modes may have served as potential cues. For wood bars the role of these modes was less clear as they were often weak or absent. Other physical attributes of objects or events that listeners have been shown to reliably judge from sound include the length of rods dropped on a hard surface ͑Carello et al., 1998͒, the hardness of mallets striking metal pans ͑Freed, 1990͒, the breaking or bouncing of glass ͑Warren and Verbrugge, 1984͒, the position of hands clapping ͑Repp, 1987͒, and the gender of walkers ͑Li et al., 1991͒. In each of these cases, specific features of the acoustic wave form or spectra have been correlated with the object or event and listener judgments to identify potential cues underlying the listeners' ability to perform the task.
Taken together, the past studies show that there is sufficient information in sound to allow identification of complex source attributes, and moreover, that listeners are capable of such identifications with limited variation in other source attributes. One might ask, therefore, what new information is provided by the present results? The answer lies in the approach to identifying potential acoustic cues. There are two important differences between the past and present studies in this regard. First, it should be noted that a strong correlation of a listener's judgments with a particular cue, as has been demonstrated in past studies, is not a sufficient condition to implicate that cue. Such a result does not rule out the possibility that the listener may use a very different cue that happens to be highly correlated with the one analyzed by the experimenter. Indeed, considering the complexity of the real acoustic events that listeners were asked to judge in past studies, it is almost certain that alternative cues were available in some cases. 4 The advantage in the present study of using synthesized sounds rather than real sound sources is that all relevant information for the specific task is contained in the equations for motion. This allows precise measurement of the independent and relative contribution of each potential source of information to the listener's response, without lingering questions regarding the possibility of alternative acoustic cues. A second issue pertaining to the measurement of listener cues has to do with the performance levels of listeners in past studies. In many of these studies the focus has been on whether or not the listener is capable of accurately identifying a particular acoustic event, hence, conditions have often been selected where few or no identification errors are made. While high performance levels are to some extent informative regarding the capabilities of listeners in these tasks, they are much less informative regarding the possible cues used by listeners. Consider, for example, the outcome of the present study if inner radius values were selected to yield perfect performance. The correlation of the listener's response with an optimal decision rule would necessarily be one, but, because there are three such rules, it would not be possible to distinguish among them. Indeed, it might not even be possible conclude that the listener used any one of these rules. If the values of the inner radius were chosen such that individual parameter distributions did not overlap ͑cf. Fig. 2͒ , listeners could achieve perfect performance by basing decisions on a single acoustic parameter alone. This is why it is essential that listeners make errors when using regression analyses to evaluate listener cues, and why we have chosen the conditions of the present study to yield performance levels between 70% and 90% correct.
Returning to the original motivation for the study, we can evaluate the conjecture that listener judgments would correlate highly with the invariant relations among acoustic parameters that are unique to hollowness. The results appear to provide only partial support. Although many listeners do, indeed, appear to base decisions on such relations, a nearly equal number appear to base decisions on simple differences in frequency. Moreover, there are differences in the way listeners approach the task that depend on the material of the bar, and that change with replication of the same condition. Generally speaking, therefore, the results do not provide clear support for the use of intrinsic cues for hollowness.
One must question how this outcome might have been influenced by the sound synthesis used in this study. Real bars, after all, come in many shapes, sizes, and materials, they are not perfectly symmetric or homogeneous, and they are not typically struck at exactly the same point with exactly the same force. Might such differences prove advantageous for detecting hollowness, and might the synthesized sounds be perceived differently for this reason? We do not rule out the possibility, but we think it unlikely for both analytic and empirical reasons. First, we have specifically chosen conditions of the experiment to maximize the likelihood that listeners would detect the acoustic information intrinsic to hollowness. These choices were based on extensive performance simulations of the type described in Sec. III B, involving a wide range of bar materials and geometries and known listener sensitivity ͑see Lutfi, 2000͒. A fixed impulse was used as the driving force because it is generally most diagnostic regarding bar properties. And, all bar properties, except for length, were fixed so that no acoustic variation, other than that resulting from changing length, could serve to confound the change intrinsic to hollowness. We have also considered the related question as to whether our synthesized sounds can be reliably discriminated from real bar sounds. Preliminary experiments involving direct comparisons by listeners suggest not ͑Lutfi and Oh, 1997͒; however, stronger evidence comes from experiments showing that listeners are insensitive to acoustic differences from real bar sounds far greater than those of our synthesized sounds ͑Lutfi and Oh, 1994͒.
While the possibility of more advantageous conditions for detection cannot be ruled out, it is instructive to consider why some listeners did not make better use of the information that was available to them in these conditions. Some insight is obtained by considering the effect of limited sensory resolution on judgments. The effect is potentially complex since it must depend on the listener's decision weights as well as the acoustic variation resulting from variation in bar parameters. We have relied, therefore, on an internal noise model to evaluate the potential interaction among these factors. An important outcome of this analysis is that the analytic solution for hollowness is highly vulnerable to the small perturbations in the acoustic parameters that would be associated with listener internal noise. The result is that judgments following the analytic solution yield no large performance advantage over judgments based on differences in frequency alone, indeed, in some cases they yield worst performance. This outcome appears to provide an explanation for both the overall performance levels of our listeners and their specific pattern of decision weights.
That such small perturbations in the acoustic signal, as would be associated with internal noise, could have such profound effects on listener judgments may seem surprising; certainly in the context of the large variation associated with changes in bar length and whether the bar is hollow or solid. Such effects are possible, however, because the intrinsic acoustic relations that would serve to disambiguate hollow from solid bars are subtle and so often do not yield a significant detection advantage over simple differences in individual acoustic parameters ͑cf. Figs. 6 and 7͒. The effect is comparable to an analysis of variance where the interaction effects ͑the intrinsic relations͒ are small compared to the main effects of variables ͑the simple differences in individual acoustic parameters͒. The results underscore the importance of limited sensitivity as a factor in source identification, and raise the question as to whether there are other conditions where limited sensitivity for acoustic relations may similarly play a role. Few studies have specifically addressed the question. Moreover, while analytic treatments have identified the intrinsic acoustic information associated with specific source attributes, they have not generally indicated conditions where, based on known limits of human sensitivity, this information might offer a significant categorical advantage over simple statistical differences in individual acoustic parameters ͑Jenison, 1997; Kac, 1966; Wildes and Richards, 1988͒ . For the present case, at least, some relevant data are provided by the results of simulations we have used to select stimulus conditions for our experiments ͑see Lutfi, 2000͒. These simulations indicate that the results of the present study are not atypical of what would be expected for the discrimination of other rudimentary bar attributes such as shape, size, or material. In such cases, judgments based on the intrinsic acoustic relations are rarely expected to offer a detection advantage over simple differences in individual acoustic parameters when limited sensitivity is taken into account. For the discrimination of material and hollowness, the results of these simulations are corroborated by data from human listeners ͑Lutfi and Oh, 1997͒.
Clearly, many factors can be expected to influence how a listener recovers a particular source attribute from sound, not the least of which are the dynamics of the source, how it is excited, and how it might vary along other physical dimensions. But while the acoustic effect of these factors can be profound, it is often the small changes in the relation among acoustic parameters that serve to disambiguate sources. In such cases, as in the present study, basic limits in human sensitivity can affect not only what a listener hears, but also how they listen.
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1
We had also experimented with perturbations in parameters related to the material of the bar ͑density and elasticity͒. For these parameters, however, the resultant variation among acoustic parameters was too highly correlated to permit reliable estimates of listener decision weights. Specifically, the two regression weights in each case are given by the twoelement vector wϭ(X T X) Ϫ1 X T y, where y is a column vector giving the listener's response on each trial, X has two columns corresponding to the interval differences for log n and log v n on each trial, and X T denotes the transposition of X.
3
These values may be underestimates as they come from conditions where there is minimal uncertainty regarding the values of stimulus parameters from trial to trial. The possible influence of stimulus uncertainty for conditions most similar to those of the present study is discussed in Lutfi and Oh ͑1997͒. 
